Thin films of vanadium oxide (V 2 O 5−x ) were prepared by rf magnetron sputtering process and are heat treated to study the annealing effect. As-deposited thin films are amorphous in nature and crystallinity is improved by annealing the sample. Thin layers with high density and small grain size varying from 36 nm to 70 nm were seen in the FESEM images of as-deposited thin films. In the case of annealed thin films, it has been transformed to thin elongated rod like structure with 202.5 nm length and an average diameter of approximately 48 nm. Optical properties were studied by using UV-Vis-NIR spectrophotometer and the reduction in transmission in annealed thin films is due to the crystalline nature of thin films. Studies were done on the samples by taking photoluminescence and Laser Raman spectra.
Introduction
Vanadium pentoxide (V 2 O 5 ), a transition metal oxide semiconductor, shows a wide range of applications in thin film form due to its multivalency, layered structure and wide optical band gap [1] . It is a promising compound for smart window applications, but the intercalation process is slow because of its low electrical conductivity and diffusion coefficient of ions [2] [3] [4] [5] [6] [7] . Nanoparticle V 2 O 5 thin films are used to overcome this issue by increasing the surface area and decreasing the diffusion distance [8] . In our study, the experimental details for preparing sputtered V 2 O 5−x thin films and the effect of annealing over the prepared thin films were discussed.
Experimental
V 2 O 5−x thin films were prepared on well cleaned Corning glass substrates (8 cm × 6 cm) by varying rf power as 150 W, 175 W and 200 W at room temperature. A target of 6 mm thickness and 50 mm diameter was obtained by pressing V 2 O 5 powder ( 99.9 % purity) in a pellatiser which was then sintered to 300
• C for about 2 hrs. The following parameters were kept constant during deposition of samples by non reactive sputtering process: 30 minutes deposition time, 1.33 x 10 −2 mbar argon gas pressure and 6 cm target-substrate spacing. As-deposited thin films were then annealed at 400
• C for 5 hrs. Structural properties of thin films were studied by XRD using a XPERT-PRO PANalytical diffractometer with CuKα radiation (λ=1.5406Å). The morphology of samples was studied using FEI's Quanta 200 FEG field emission scanning electron microscope (FESEM) and optical studies were undertaken by UV-vis-NIR spectrophotometer (HR-2000, M/s Ocean Optics, USA). PL spectra of samples were recorded at room temperature by using 'Varian Cary Eclipse Spectrophotometer' and Raman spectra were taken by Laser Raman spectrometer (Acton SpectraPro 2500i, Princeton Instruments, Acton Optics & Coatings).
Results and Discussion
XRD patterns of as-deposited and annealed V 2 O 5−x thin films deposited on glass substrates by varying rf power from 150 W to 200 W are shown in Fig. 1 . It belongs to Pmmn space group having lattice parameters as a = 11.544Å, b = 3.571Å and c = 4.383Å. The maximum intensity with the height of 930.2 a.u. is displayed by the peak at 2θ = 20.15
• which proves that the V 2 O 5 target is oriented along (0 0 1) plane. The as-deposited V 2 O 5−x thin films are gray in color [9] . XRD patterns of as-deposited thin films show very broad and diffuse patterns. There is no evidence for any diffraction peak and so these films are amorphous in nature. This shows that the plasma power of 200 W generated by the rf was not enough for the growth of crystalline V 2 O 5−x thin films in the absence of oxygen atmosphere during sputtering process [10] . With 0% oxygen content and V 2 O 5 as target during sputtering process, the deposited thin films are devoid of long range atomic order and are amorphous in nature. Generally, crystalline V 2 O 5 thin films are obtained by several authors by reactive sputtering under oxygen-argon mixture and also by choosing vanadium metal as target.
The annealed V 2 O 5−x thin films deposited at low rf power are yellowish gray in color, whereas the samples prepared at high rf power are yellow in appearance, like V 2 O 5 powder [11] . The annealed thin film deposited at 175 W rf power shows peaks at 2θ = 17.71
• and 28.64
• which are due to (2 0 1) and (2 0 2 ) plans of monoclinic VO 2 phase [ JCPDS( 31-1438)]. In the annealed thin film prepared at 200 W rf power, two peaks were observed at 2θ = 12.58
• and 17. [12] .
Figure 3(a) shows the transmission of as deposited and annealed thin films deposited by varying rf power over the wavelength range of 300 -900 nm. V 2 O 5−x thin films deposited at 150, 175 and 200 W rf power have transmittance values of 80 %, 84.1 % and 92.9 % respectively. The high transmission indicates that thin films deposited at 200 W rf power are weakly absorbing in the spectral range of 450 to 1000 nm and the decrease in transmission at λ < 400 nm is due to the fundamental absorption. These data are consistent with previous reports [13] . The transmittance values for the annealed samples are recorded as 61 %, 43.9 % and 30.7 %. The surface of annealed samples becomes rough, resulting in light loss by scattering and thus low transmittance [14, 15] . In annealed thin films the absorption peak at around 350 nm was red-shifted with an increase in rf power [16] .
FIG. 2. FESEM images of (a) as-deposited and (b) annealed thin films at 200 W rf power
The experimental data were found to give a better fit when (αhν) 1/2 was plotted against hν. This suggests an indirect allowed transition. Fig. 3(b) shows the relation between (αhν) 1/2 and photon energy for as-deposited and annealed thin films prepared by varying rf power. E g of as-deposited thin films increases as 2. indicates that the samples could emit intensely visible light at room temperature and is due to defects such as oxygen vacancies which got involved during growth [19] . This result is confirmed by Yu-quan Wang [20] by fitting two Gaussian peaks in the PL spectrum centered at approximately 650 and 730 nm, which correspond to energies of approximately 1.82 and 1.68 eV, respectively. Since the band gap of V 2 O 5 is approximately 2.24 eV, they deduced that these visible emissions are caused by oxygen defects. [21] and the V 4+ = O bond which is created by the modification in V 5+ = O vanadyl oxygen stretching mode [22] respectively. The corner shared oxygens in common to the two pyramids exhibit another stretching mode as V 2 -O and the peak corresponding to it is located at 702.84 cm −1 in the target material [23] . Two flat and small peaks are visible at 1004.63 cm −1 and 1071.81 cm −1 and a broad peak at 1175.34 cm −1 which corresponds to the terminal oxygen (V=O) stretching modes due to the unshared oxygen [24] . Raman spectra of as-deposited thin film prepared at 150 W rf power exhibits a peak at 1053.57 cm correspond to the V 4+ = O bond which is created by the modification in V 5+ = O vanadyl oxygen stretching mode. This modification is due to basic point defects in the V 2 O 5−x crystal lattice i.e. the oxygen vacancies created by removing vandyl oxygen and thereby generating reduced V 4+ from V 5+ ions. The seventh peak of the Raman spectrum corresponds to the terminal oxygen (V=O) stretching mode due to the unshared oxygen and is located at 1049.04 cm −1 with high intensity of 80.86 a.u. −1 is related to the vanadyl stretching mode corresponding to V=O bond in the crystal structure and this is attributed to the V 4+ = O bonds. These V 4+ = O bonds arise due to the direct conversion from V 5+ = O bonds or the breaking of the single oxygen bonds which involves V 4+ ions or both. The shift of this peak towards low frequency range indicates the presence of structural disorder in the annealed thin films at high rf power and this is confirmed by the presence of the peak at 804.23 cm −1 which corresponds to the IR active mode. The two broad peaks at 1032.95 and 1151.32 cm −1 are assigned to the stretching mode due to V 5+ = O bond of terminal oxygen atoms on the surface clusters of annealed thin films. The generation of a new peak at 684.59 cm −1 is due to the stretching vibration mode of V 2 -O bond in the V-O-V disordered framework. If sufficient oxygen pressure was allowed during deposition, this peak would have exhibited a red shift and would be 706 cm −1 which is the stretching mode of the crystalline V 2 O 5−x thin films arising due to the corner sharing oxygen atoms of two successive pyramids.
Conclusion
In this paper, annealing effects on V 2 O 5−x thin films deposited by varying rf power have been studied. Asdeposited thin films are amorphous in nature and their crystallinity is improved by annealing. Nanoscale grains are seen in as-deposited thin films and were then transformed into rectangular rods after annealing. The optical bandgap for annealed thin films decreases with increase in rf power and is due to development of localized states. PL spectra of as-deposited thin films show blue shift in emission peak at 600 nm with increase in rf power and annealed samples exhibit a reverse effect. Apart from the peak due to V=O stretching mode, a Raman peak is observed at 928.1 cm −1 in annealed thin films deposited at 200 W rf power and is attributed to V 4+ = O bonds.
